-High pulmonary vascular resistance (PVR), proximal pulmonary artery (PA) impedance, and right ventricular (RV) afterload due to remodeling contribute to the pathogenesis and severity of pulmonary hypertension (PH). Intra-amniotic exposure to endotoxin (ETX) causes sustained PH and high mortality in rat pups at birth, which are associated with impaired vascular growth and RV hypertrophy in survivors. Treatment of ETX-exposed pups with antenatal vitamin D (vit D) improves survival and lung growth, but the effects of ETX exposure on RV-PA coupling in the neonatal lung are unknown. We hypothesized that intrauterine ETX impairs RV-PA coupling through sustained abnormalities of PA stiffening and RV performance that are attenuated with vit D therapy. Fetal rats were exposed to intraamniotic injections of ETX, ETXϩvit D, or saline at 20 days gestation (term ϭ 22 days). At postnatal day 14, pups had pressure-volume measurements of the RV and isolated proximal PA, respectively. Lung homogenates were assayed for extracellular matrix (ECM) composition by Western blot. We found that ETX lungs contain decreased ␣-elastin, lysyl oxidase, collagen I, and collagen III proteins (P Ͻ 0.05) compared control and ETXϩvit D lungs. ETX-exposed animals have increased RV mechanical stroke work (P Ͻ 0.05 vs. control and ETXϩvit D) and elastic potential energy (P Ͻ 0.05 vs. control and ETXϩvit D). Mechanical stiffness and ECM remodeling are increased in the PA (P Ͻ 0.05 vs. control and ETXϩvit D). We conclude that intrauterine exposure of fetal rats to ETX during late gestation causes persistent impairment of RV-PA coupling throughout infancy that can be prevented with early vit D treatment.
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chorioamnionitis; bronchopulmonary dysplasia; extracellular matrix; vascular remodeling; arterial stiffening CHANGES IN HEMODYNAMIC COMPONENTS, such as pulmonary vascular resistance (PVR), proximal pulmonary artery (PA) impedance, and right ventricular (RV) afterload, to the pathogenesis of pulmonary hypertension (PH) as bronchopulmonary dysplasia (BPD) in the neonate are not well defined and could offer insight into the mechanisms of the disease and treatment. PVR, a measure of heart workload, is a long established measure of pulmonary hypertension progression (1, 2, 15, 16, 31) . PVR measures the resistance to flow and clinically describes the degree of vasoconstriction or angiogenic development of the distal vasculature. More recently, proximal PA stiffness has increasing interest as an important indicator of disease progression (20, 32, 35, 36) . Proximal PA stiffness through extracellular matrix (ECM) remodeling increases impedance that increase RV afterload (9, 14) . Both PVR and impedance components contribute to the pathogenesis and RV dysfunction in PH (35) but are poorly understood in the setting of BPD. Furthermore, neonatal complications of BPD have been clinically associated with global RV structural and functional differences in adult life (21) , motivating the need to understand RV-PA function in the neonate.
Chorioamnionitis, a disease characterized by intra-amniotic inflammation, is associated with increased risk for perinatal morbidities and a high risk for chronic lung disease in preterm infants known as BPD (13, 18, 28, 30) . Infants with severe BPD have sequelae that include prolonged need for ventilator or oxygen support, pulmonary hypertension, recurrent respiratory infections, abnormal lung function, exercise intolerance, late neurodevelopmental outcomes, and a high risk for death (5) .
There is increasing evidence that vitamin D (vit D) deficiency is an independent risk factor for lung and cardiovascular disease, and vit D treatment can improve endothelial dysfunction (12, 22, 29, 38) . Transgenic knockout of the endothelial vit D receptor (VDR) causes a significant impairment of eNOS expression (25) and increases systemic artery stiffness and vascular impedance through ECM remodeling, increases in collagen and decreases in elastin protein content (3) . Using a rat model of chorioamnionitis caused by intrauterine amniotic exposure to endotoxin (ETX), we previously reported high mortality at birth, PH as assessed by right ventricular hypertrophy (RVH), and decreased distal alveolar and vascular growth (37) . Vit D treatment reduces mortality, decreases RVH, and increases distal alveolar and vascular growth in this model (23) . But whether antenatal [intra-amniotic (IA)] ETX impairs right ventricular performance, proximal PA stiffness, and ECM development in the lung and the impact of early vit D therapy remains unknown.
RV performance is a critical reflection of the pulmonary vascular structure and function. Clinically, RV performance has been shown as a sensitive marker for pulmonary vascular disease diagnosis and prognosis (6) . Simultaneous RV measurement of pressure and volume gives a complete description of the performance of the pulmonary vasculature both at the proximal and distal levels through measures of RV-PA coupling. However, the RV pressure-volume measurement has primarily been used as a clinical marker in older patients with a more progressive pulmonary hypertension and little is known about RV and arterial function in the BPD infant.
Therefore, we hypothesized that intrauterine ETX impairs RV-PA coupling owing to ECM remodeling causing sustained impairments of RV performance. Furthermore, antenatal vit D treatment will preserve normal ECM composition reducing PA stiffness and improving RV performance. To test these hypotheses, we studied the effects of vit D treatment on 2-wk-old rat pup RV function, PA artery stiffness, and whole lung ECM composition after antenatal ETX in vivo exposure.
METHODS
Animal model. The Institutional Animal Care and Use Committee at the University of Colorado Denver Anschutz Medical Campus approved all procedures and protocols. We utilized an animal model of chorioamnionitis as previously described (37) and vit D therapy as also previously described (23) . In short, timed pregnant SpragueDawley rats were purchased from Charles River Laboratories (Wilmington, MA) and maintained in room air at Denver altitude (1,600 m; barometric pressure 630 mmHg; inspired oxygen tension 122 mmHg) for 1 wk prior to full term. A laparotomy was performed at 20 days gestation (term: 22 days) during the late canalicular stage of lung development in the rat to parallel the similar stage of human lung development in 24-to 26-wk premature newborns, which are highest risk for BPD. The pregnant rats were randomly assigned to saline control groups (50 l of normal saline per amniotic sac; n ϭ 6); the ETX group (10 g of Escherichia coli 055:B55 diluted into 50 l of saline per sac; Sigma Chemical, St. Louis, MO; n ϭ 6); or the ETX with the biologically active form of vit D [1, 2D3] treatment [ETXϩvit D; 50 pg diluted into 50 l of normal saline; 1,25-(OH) 2D3; n ϭ 6]. At full term, 2 days after IA injections, rat pups were delivered via cesarean section and placed with a foster mother to be raised through 14 days. On day 14 of life, the following procedures were performed.
Pressure-volume measurements. Animals were anesthetized with 4 -5% isoflurane in room air at 1,000 ml/min for ϳ2 min and placed in the supine position, a tracheal cannula was inserted and connected to a Hallowell EMC Micro Vent, and anesthesia was maintained at 1.5-2.5% isoflurane in 100% oxygen. Peak airway pressure was maintained between 16 -18 cmH 2O, breaths per minute at 50 -150, and the oxygen flow at 0.5-0.8 l/min. The RV, PA, aortic arterial (Ao), and left ventricular (LV) pressures were directly measured with a 1.2-Fr FTX-1212B-4018 Pressure-Volume Catheter (Transonic/ Scisense, London, Ontario, Canada) inserted into the heart directly through the wall via a diaphragmatic approach. The pericardium was resected and a small hole was made at the base of the RV with a 30-gauge needle. The pressure-volume catheter was inserted in the hole and advanced along the length of the RV. Bleeding was minimal because of the small size of the hole and the larger catheter plugging it. Steady-state hemodynamics was collected with short pauses in ventilation (up to 10 s) to eliminate ventilator artifact from the pressure-volume recordings. Occlusions of the inferior vena cava were also performed to decrease filling to obtain an accurate endsystolic pressure-volume relationship. The catheter was advanced into the PA and pressure measurements were recorded. One final hole was made in the apex of the LV and the catheter was placed along the length of the LV for measurement of steady-state data in the LV. The catheter was advanced into the Ao to record systemic pressure measurements. Data were recorded continuously with LabScribe 2 (iWorx, Dover, NH) and analyzed offline. At the termination of an experiment, the animal was given an intracardiac overdose of pentobarbital sodium and left pulmonary arteries were collected for pressure myography experiments; the heart was sectioned, weighed, and fixed for histology; and the whole lung samples were flash frozen for Western blot analysis.
Pressure myography measurements. The left PA (LPA) was mounted in a pressure myograph (Living Systems Instrumentation, St. Albans, VT). The artery was immersed in physiological saline solution at 37°C. The artery was pressurized from 0 to 30 mmHg in 5-mmHg increments and from 30 to 120 mmHg in 10-mmHg increments. Transmural pressure and outer diameter were recorded. Tested arteries were paraformaldehyde fixed and imaged by using second harmonic generation to visualize mechanical constituents of collagen and elastin.
Biochemical analysis. The ECM components were assessed both in the proximal vasculature and the whole lung. The right and main pulmonary arteries were lyophilized and weighed for dry mass. The dried tissue was hydrolyzed in 6 M HCl and dried with a SpeedVac. The amount of elastin and collagen in the ECM were quantified with standard measurements of tissue desmosine and hydroxyproline content, respectively (33, 34) .
Western blotting. Whole lung protein expression was determined as described previously (11) . Blood was drawn from the right heart. Then the right lung was removed, flash frozen in liquid nitrogen, and stored at Ϫ80°C. The lung was pulverized and then homogenized in ice-cold RIPA lysis buffer containing protease and phosphatase inhibitors (Roche) and 0.01% phosphatase inhibitor cocktail (Sigma). Equal volume (35 g) of protein was loaded on a Bis-Tris gradient gel Statistical analysis. Results are expressed as means Ϯ SE. A one-way ANOVA test that used a Bartlett's test and corrected for unequal variances was used to compare differences between the three groups (control, ETX, ETXϩvit D), and Tukey's multiple comparisons test was used to compare differences between individual groups. Statistical significance was defined as a two-tailed adjusted P value of less than 0.05. All statistics were done with GraphPad Prism Software Version 6 (La Jolla, CA). Table 1 describes the effects of intra-amniotic ETX and vit D treatment with ETX exposure on blood pressures. Intra-amniotic ETX increased pulmonary systolic and mean arterial pressures (P Ͻ 0.05) and treatment of ETX with vit D lowered PA pressure (P Ͻ 0.05) to levels similar to the control rats. Heart rates showed no change between groups. ETX exposure had limited effects on systemic arterial pressure, but ETX exposure with vit D treatment increased diastolic blood pressure compared with the control group (P Ͻ 0.05).
RESULTS
As shown previously, lung histology from ETX-exposed pups demonstrated alveolar simplification and decreased vessel shows lung structure similar to that of control pups. Prenatal ETX increases total pulmonary vascular resistance index (PVRI) in pups (B) and has limited effects on total systemic vascular resistance index (SVRI) (C). Vit D reduces PVRI following ETX exposure but elevates SVRI. Prenatal ETX increases total pulmonary vascular stiffness index (PVSI) in pups (D) and has no effects on total systemic vascular stiffness index (SVSI) (E). Vit D reduces PVSI following ETX exposure and does not alter SVRI (n ϭ 6 for each group).
density compared with saline controls, which are markedly improved with vit D treatment (Fig. 1) . Systemic vascular resistance index (SVRI) was not different after ETX treatment but was increased in the ETX group receiving vit D treatment (P Ͻ 0.05). Intra-amniotic ETX increased the total PVR indexes (PVRI) at 2 wk of age. Treatment with vit D during ETX exposure significantly lowered PVRI compared with the ETX group to levels similar to that of the control group. Systemic and pulmonary vascular stiffness indexes followed a similar pattern (Fig. 1) . ETX and ETX with vit D treatment had limited effects on total SVSI. The pulmonary vascular stiffness index (PVSI) increased after ETX exposure compared with the control (P Ͻ 0.05) and ETX with vit D treatment restored PVSI to control values (P Ͻ 0.05).
ETX treatment increased proximal LPA stiffness compared with the control group (P Ͻ 0.05; Fig. 2 ). Vit D prevented increases in LPA stiffness after antenatal ETX exposure (P Ͻ 0.05). Assessment of proximal artery hydroxyproline and desmosine content showed no differences between groups (data not shown). However, histology showed altered organization of collagen and elastin with ETX samples having decreased numbers but thicker and less continuous medial elastic lamellae and thicker adventitial collagen fibers leading to increased stiffness with intra-amniotic ETX compared with the control LPA. Vit D therapy prevented increased stiffness (P Ͻ 0.05) of the proximal artery and restored LPA collagen and elastin organization.
At 2 wk of age, fetal ETX exposure decreased body weights of infant rats, indicating a postnatal failure to thrive compared with the control rats (control: 32.67 Ϯ 0.33 g vs. ETX: 21.33 Ϯ 1.52 g; P Ͻ 0.05). Body weights in the ETX rats receiving vit D treatment had body weights similar to that of the control rats and significantly greater than the ETX group (ETXϩVD: 33.5 Ϯ 0.62; P Ͻ 0.05). Because of the significant difference in body weights between groups all measurements including volumes were normalized by body weight, as an index, to compare across treatments.
Intrauterine ETX not only increased proximal PA stiffness and remodeling but also led to RV dysfunction, representative plots shown in Fig. 3 and recorded averages and standard error of the mean in Table 2 . ETX increased afterload through increased end-systolic pressure and end-systolic volume index compared with the control RV (P Ͻ 0.05). Workload was also increased in ETX as measured in increased maximum power index, stroke work index, pressure-volume area index, and elastic potential energy index (P Ͻ 0.05). Intra-amniotic ETX increased isovolumic relaxation time, preload recruitable stroke work index, and End-diastolic pressure-volume relationship peak index (Emax) time index (P Ͻ 0.05) compared with the control RV. Vit D treatment reduced end-systolic pressure, stroke work index, maximum power index, pressure volume area index, and elastic potential energy index (P Ͻ 0.05) compared with ETX treatment alone. Vit D treatment reduced RV workload and pressure in the presence of intra-amniotic ETX.
RV histology showed structural alterations that correlate with measured functional changes (Fig. 4) . Intrauterine ETX increased RV wall thickness compared with the control (P Ͻ 0.05). Vit D treatment prevented wall thickening with ETX exposure (P Ͻ 0.05) to preserve the wall thickness similar to that of the control. Colorimetric morphometric analysis showed ETX exposure decreased the ratio of cardiomyocytes to collagen compared with the control (P Ͻ 0.05). Vit D treatment increased the ratio of cardiomyocytes to collagen (P Ͻ 0.05), but the ratio following vit D was still decreased compared with the control (P Ͻ 0.05). ETX exposure decreased RV cell density (P Ͻ 0.05) compared with the control and vit D treated groups.
Physiological RV measurement changes were related to changes in the lung ECM structural components with intraamniotic exposure to ETX (Fig. 5) . ETX exposure had no effect on tropoelastin but decreased ␣-elastin, the mature form of elastin, and decreased the ECM cross-linking protein lysyl oxidase. ETX exposure decreased the content of both collagen I and collagen III. However, vit D treatment with ETX exposure restored ␣-elastin, lysyl oxidase, collagen I, and collagen III in the infant rat lung model of chorioamnionitis.
DISCUSSION
We found that intra-amniotic ETX in the infant rat causes pulmonary hypertension that is associated with altered ECM deposition in the proximal pulmonary arteries and decreases ECM deposition in the distal lung. We further report that RV-PA coupling is abnormal following intrauterine injury, as characterized by increases in afterload and workload through increases in the proximal artery stiffness and increases in PVR, respectively, that are associated with a decrease in RV isovolumic relaxation compared with the control rats. Antenatal vit D treatment prevents ETX-induced alterations of ECM deposition in the infant rat. We further report that vit D prevents pulmonary hypertension and prevents RV afterload and workload compared with ETX exposure alone and is comparable to the control group.
These findings along with our previous findings in this model (23, 37) demonstrate the important balance between proximal and distal artery development in infant pulmonary hemodynamics. Intra-amniotic ETX elevates pulmonary mean and systolic pressures, leading to increased proximal artery stiffness, total PVRI, and total PVSI. Furthermore, we extend our previous studies by defining the role vit D may play as an important nutrient in preventing BPD through preserving ECM development in the experimental model of chorioamnionitis. Vit D treatment protects against pulmonary hypertension in part through preserving lung vascular development.
Furthermore, these findings show altered RV performance and remodeling in an experimental model of BPD. Intrauterine ETX exposure increases afterload and workload on the RV with increased isovolumic relaxation, suggesting increased stiffness, and Emax, suggesting a slower contraction and a labored heart. However, other clinical measures of RV performance such as cardiac output index and ejection fraction, effective arterial elastance index (E a ), and end-systolic pressure-volume relationship slope index (E es ) remain unaffected, or only slightly elevated (P Ͼ 0.05). Histology confirms remodeling corresponding to structural changes with increased thickness, increased collagen content, and hypertrophy shown through decreased cellular density compared with the control RV. Vit D treatment with ETX exposure restores most functional parameters but trends to have higher volume indexes, lower isovolumic relaxation, and increased E es index compared with the control (P Ͼ 0.05). Histology shows vit D treatment preserves wall thickness and cellularity but has decreased cardiomyocyte to collagen ratio. Vit D treatment may protect the RV by preventing RV-PA dysfunction and promoting vascular development in this experimental model of BPD. Other studies have shown RV-PA coupling as a sensitive predictor of PH disease progression in animals (14, 35) and clinically (6, 8, 14) . We tested this hypothesis in our model of chorioamnionitis in infant lung development by measuring antenatal ETX effects on RV and PA dysfunction. Our results show that chorioamnionitis leads to pulmonary hypertension characterized by increased impedance due to increased proximal stiffening and increased PVR due to previously shown decreased distal vasculature (23, 37) causing RV afterloads and workloads. Furthermore, we studied the effects of vit D therapy with ETX exposure. Within the literature the effects of vit D on cardiovascular physiology and ECM development still remain poorly defined (27) . Vit D deficiency has been correlated with poor cardiovascular disease outcomes. In a transgenic mouse model, the selective elimination of vit D receptors from endothelial cells provides evidence of the importance of vit D in regulating endothelium-dependent vasoreactivity, regulating arterial blood pressure, and alteration of the arterial ECM (25) . Furthermore, low levels of vit D have been linked to inflammation, increases in oxidative stress, profibrotic vascular effects, increased vascular stiffness, and decreased vasoreactivity (4, 7, 17, 19) . However, modest supplementation of vit D in healthy neonates has also been correlated with negative impacts vascular remodeling. Vit D diet supplementation in healthy maternal and postnatal rats reduces elastin content, elastin lamellae, and contractility forces in aortic rings (26) express similar remodeling and functional characteristics of the elastin haploinsufficiency mouse model (10) . In the setting of the chorioamnionitis due to ETX exposure, vit D therapy promotes ECM deposition and alleviates PH in the neonate.
Mechanisms responsible for the improved vit D RV-PA coupling after intra-amniotic ETX exposure may occur through changes in the distal and proximal artery development. First, vit D preserves distal lung vasculature maintaining whole lung structural ECM production and, as our group has shown previously (23), increasing vascular growth. These changes reduce PVR and workload on the heart. Second, vit D preserves proximal PA compliance reducing stiffness after ETX exposure by maintaining ECM collagen and elastin organization. These changes reduce afterload and improve RV performance. Finally, recent work in our laboratory has shown that ETX disrupts lung vit D metabolism favoring less vit D conversion and VDR activation, and treatment of ETX with exogenous vit D preserves CYP27B1 and VDR expression in the fetal PA endothelial cells (24) . Together, these data and studies by others (4, 7, 17, 19, 25) suggest the vit D may play an important role in vascular development through regulating ECM production and organization.
Several potential limitations in the study design and the interpretation of the results must be acknowledged. The significant reduction in animal weight both at birth and remaining until the 2-wk time point shows other organs and systems may be affected by the postnatal failure to thrive. The specific aim of this study was to understand the cardiovascular effects of ETX and ETX with vit D treatment, and because of the significant size differences all measurements were indexed to account for smaller pup size in the ETX group. In addition, we examined pup weight as a function of vascular stiffness and RV function and found no correlation, demonstrating that pup growth retardation is an independent factor. Furthermore, we carefully measured the systemic hemodynamics through LV and aortic blood pressures and found little cardiovascular effect of the ETX or ETX with vit D. The increase in SVRI in the ETX with vit D group we speculate may be due to increased systemic vascular tone, possibly as a result of hypercalcemia but will require further future studies. Additionally, the resolution in quantification of protein ECM proteins distinguished proximal (the main pulmonary artery and the right pulmonary artery) and distal lung. Future studies are required to dive deeper into differences in distal and proximal ECM development and their respective contribution to pulmonary development and hemodynamics. Pressure-volume measurements were taken at 2-wk time point. This time point was chosen to obtain the most accurate, highest fidelity hemodynamic measurements at the end of neonatal lung development and was due to size limitations to accommodate the pressure-volume transducer in the RV. Future studies will use lower-resolution Doppler ultrasound echocardiography to allow noninvasive and serial measurements of the heart for remodeling and function to track PH progression in the fetus, at birth, and postnatally. Finally, because of the size of the RV, histology was completed to study the remodeling. Histology provided the best way to study RV structure and organization that could be related to physiological function, more thoroughly than by Western blot.
In summary, we report that exposure of fetal rats to intraamniotic ETX during late gestation reduces ECM deposition and alters RV-PA coupling, as assessed by proximal PA stiffness and RV performance. Fetal vit D treatment decreases PA stiffness and preserves RV function partly by changes in ECM after antenatal ETX exposure. We speculate that prenatal events can cause long-term changes in RV-PA coupling through remodeling of the proximal pulmonary arteries and RV function, which are sustained during postnatal life. Vit D therapy may preserve RV-PA coupling in infants who may be at risk for late pulmonary vascular disease due to antenatal stress, such as chorioamnionitis.
